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Same for ν and ν̄ therefore CPT: δ ⇔ −δ Invariant!

States 1 and 2 are νe rich.

dividing point mββ ≈ 10meV ⇒⇒
Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV , then Normal Hierarchy.
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Neutrino Survival Probability: νe Revisited

NH: |∆m2
31| > |∆m2

32| (|∆31| > |∆32|)
IH: |∆m2

31| < |∆m2
32| (|∆31| < |∆32|)

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21
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where ∆̄ = 1

2(∆31 + ∆32) and φ̄ = arctan(cos 2θ12 tan∆21)

for small ∆21 ⇒ φ̄ = ∆21 cos 2θ12 + O(∆3
21)

Define φ ≡ arctan(cos 2θ12 tan∆21)−∆21 cos 2θ12

then dφ
dL|L=0 = 0

thus φ doesn’t effect the atmospheric oscillation frequency at least for small L.

Rewrite cos(2∆̄ + φ̄) = cos(2∆ee + φ) then

∆ee ≡ 1
2
(∆31 + ∆32 + ∆21 cos 2θ21) = c2

12∆31 + s2
12∆32
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• SUPERBEAMS:  (0.4 to 4 MW)

• Counting Expts (3 ways)

• Spectrum Measurement

• NEW NEUTRINO BEAMS

• Neutrino Factory (muon storage ring)

• High Gamma Beta Beams

mcosmo =
∑

mi

Long Baseline νµ→ νe or νe→ νµ

– Typeset by FoilTEX – 2



Counting Expts near First Osc. Max.

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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NO!A Far Detector we would like to build

!TAD = Totally Active Detector 

PVC = passive material

! mass N kT (N large)

~80% scintillator 

~20% PVC extrusions

!Modular structure

32 cells/extrusion

12 extrusions/plane

1984 planes 

!Cell dimensions:

3.9 cm x 6 cm x 15.7m

!U-shaped 0.7 mm WLS fiber into APD

15.7m

15.7m

We will build as much of this as the funding will allow…

31-plane

blocks 

(132-”super-

blocks”

Far Detector

Prototype  stack



with MATTERνµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!

sparkE – 17 Nov 2003 10



with MATTERνµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!

sparkE – 17 Nov 2003 10

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ13 cos θ23 sin 2θ12
sin(aL)
(aL) ∆21

sparkE – 17 Nov 2003 7

− 1 + 0.5

√
sin2 2θ13

0.05

− 1 + 1.5

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21
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Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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− 1 + 0.5

√
sin2 2θ13

0.05

− 1 + 1.5

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21
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T2K:

δm
2

31 > 0

δm
2

31 < 0

Phase I
Sensitivity approx 0.5%

NOvA:



Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

• Neutrino v Anti-Neutrino One Expt.

• Neutrino v Neutrino Two Expts  Different L’s  
and EQUAL  E/L’s

• Neutrino v Anti-Neutrino Two Expts Different L’s
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

exact along diagonal ---  approximately true throughout the overlap region!!!

Neutrino v Anti-Neutrino  One Expt.

O. Mena + SP 
hep-ph/0408070

in the overlap region

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 1.4

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉− = 2〈θ〉/θcrit ≈ 0.47

√
sin2 2θ13

0.05

(ρL) for NOvA three times larger than (ρL) than T2K.

θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31

/(aL) ∼ 1/6

〈sin δ〉+ − 〈sin δ〉−

≈ 0.5

√
sin2 2θ13

0.05

〈sin δ〉+ − 〈sin δ〉−
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Resolution of the mass hierarchy

NOvA:
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

Neutrino v Neutrino Two Expts
  Different L’s  and EQUAL  <E>/L ’s

2.5 degrees  and 14 km
or

2.0 degrees and 12 km

but NOT  
2.5 degrees and 12 km

EQUAL  <E>/L



(a) ∆m2
31 = +2.4 × 10−3 eV2 (b) ∆m2

31 = +3.0 × 10−3 eV2

FIG. 4: (a) 90% CL (2 d.o.f) hierarchy resolution for different possible combinations: the default

one (T2K at an off-axis angle of 2.5◦ and NOνA far detector at 12 km off-axis, in solid blue), T2K

at an off-axis angle of 2.5◦ and NOνA far detector at 13 km off-axis (long dash-dot red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 16 km off-axis (three dots-three dashes

blue curve) and T2K at an off-axis angle of 2◦ and NOνA far detector at 12 km off-axis (dotted

blue curve). We have considered the statistics corresponding to the Phase I of both experiments.

The vertical dashed line indicates the 95% CL CHOOZ bound for the value of ∆m2
31 for the panel.

(b) The same as (a) but assuming that ∆m2
31 = 3.0 × 10−3 eV 2 and only for the three most

representative combinations: the default one (in solid blue), T2K at an off-axis angle of 2◦ and

NOνA far detector at 12 km off-axis (dotted blue curve) and the optimal one, that is, T2K at an

off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve). If one

reinterprets these limits for 1 d.o.f then they correspond to the 95% CL, approximately.

the far detectors) will obviously increase the statistics and will shift the sensitivity curves

depicted in Fig. 4 (a), similarly to the effect of increasing ∆m2
31, see Figs. 6, where we have

upgraded NOνA and T2K experiments by increasing a factor of five their expected Phase I

statistics (Phase II). Fig. 7 depicts the results from an upgraded Phase II of both experiments

in the inverted hierarchy nature’s choice: if the neutrino mass hierarchy is inverted, the case

for the Phase II of both experiments will be stronger, especially for ∆m2
31 = 2.4× 10−3 eV2.

13

2.5 deg & 12 km

2.5 deg & 14 km
2.0 deg & 12 km

Hierarchy Determination
using 2 dof:  90% CL

NH

WHY 2 dof ????
90% at 2 dof 

approx
97% at 1 dof
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

Neutrino v Anti-Neutrino  
Two Expts.  Different  L’s
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95% CL Resolution of

the Mass Ordering

NO!A with T2K Phase 1 NO!A/PD with T2K Phase 2



Spectrum Measurements:

• Off Axis - 2nd Peak  

• On Axis  



• 28 GeV protons. 1 MW beam power. Horn focussed

• 500 kT water Cherenkov detector.  

• baseline > 2500 km.  WIPP, Henderson, Homestake

• We have proven by 3 years of work that this can be done.

 

2540 km

Homestake
BNL

AGS Super Neutrino Beam Facility Horn Geometry

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.7: Wide band horn focused muon neutrino spectrum for 28 GeV protons on a graphite
target.

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.8: Wide band horn focused muon antineutrino spectrum for 28 GeV protons on a
graphite target.

97 October 8, 2004

Numerous Approaches to Studying νµ↔ νe Transitions:

• Off Axis - Narrow Band Beams νµ → νe (T2K and NOvA)

• On Axis - Broadband Beam νµ → νe (BNL 2 HSK)

• Neutrino Factory νe → νµ

• Beta Beams νe → νµ

On Axis Beams:

– Typeset by FoilTEX – 4

FNAL

Henderson

Brookhaven Proposal
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Some recent progress: detector in Korea Some recent progress: detector in Korea 

JPARC

Off-axis angle

2.5deg.off-axis beam  @Kamioka

Distance from 

the target (km)

2.5 deg. off axis2.5 deg. off axis

2.5 deg. off axis2.5 deg. off axis

Total cost must 

be similar to the 

baseline design. 

66 participants (mostly from Korea) 66 participants (mostly from Korea) 

from 5 countriesfrom 5 countries

2nd workshop in summer 

2006
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Off Axis:

see Kajita talk:
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P (νe → νe) = 1− P!

−1
2

sin2 2θ13

{
1 +

√
(1− sin2 2θ12 sin2 ∆21) cos(2∆ee ± φ)

}
NH (+) and IH (-): ∆ee ≡ ∆m2

eeL/4E, ∆m2
ee = c2

12|∆m2
31| + s2

12|∆m2
32|

∆m2
eff ≡ d (2∆ee ± φ!)

d L/2E

= ∆m2
ee ±

1
2

∆m2
21 cos 2θ12

sin2 2θ12 sin2 ∆21

(1− sin2 2θ12 sin2 ∆21)

ν̄e Disappearance
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Neutrino Survival Probability: νe Revisited

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21

P (νe → νe) = 1− P! − sin2 2θ13

[
c2
12 sin2 ∆31 + s2

12 sin2 ∆32

]
= 1− P!

−1
2

sin2 2θ13

{
1 +

√
(1− sin2 2θ12 sin2 ∆21) cos(2∆̄ + φ̄)

}
where ∆̄ = 1

2(∆31 + ∆32) and φ̄ = arctan(cos 2θ12 tan∆21)

for small ∆21 ⇒ φ̄ = ∆21 cos 2θ12 + O(∆3
21)

Define φ ≡ arctan(cos 2θ12 tan∆21)−∆21 cos 2θ12

then dφ
dL|L=0 = 0

thus φ doesn’t effect the atmospheric oscillation frequency at least for small L.

Rewrite cos(2∆̄ + φ̄) = cos(2∆ee + φ) then

∆ee ≡ 1
2
(∆31 + ∆32 + ∆21 cos 2θ21) = c2

12∆31 + s2
12∆32

since ∆21 = ∆31 −∆32.
– Typeset by FoilTEX – 1

Neutrino Survival Probability: νe Revisited

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21

P (νe → νe) = 1− P! − sin2 2θ13

[
c2
12 sin2 ∆31 + s2

12 sin2 ∆32

]
= 1− P!

−1
2

sin2 2θ13

{
1 +

√
(1− sin2 2θ12 sin2 ∆21) cos(2∆̄ + φ̄)

}
where ∆̄ = 1

2(∆31 + ∆32) and φ̄ = arctan(cos 2θ12 tan∆21)

for small ∆21 ⇒ φ̄ = ∆21 cos 2θ12 + O(∆3
21)

Define φ ≡ arctan(cos 2θ12 tan∆21)−∆21 cos 2θ12

then dφ
dL|L=0 = 0

thus φ doesn’t effect the atmospheric oscillation frequency at least for small L.

Rewrite cos(2∆̄ + φ̄) = cos(2∆ee + φ) then

∆ee ≡ 1
2
(∆31 + ∆32 + ∆21 cos 2θ21) = c2

12∆31 + s2
12∆32

since ∆21 = ∆31 −∆32.
– Typeset by FoilTEX – 1

since ∆21 = ∆31 −∆32.

– Typeset by FoilTEX – 2

Neutrino Survival Probability: νe Revisited

NH: |∆m2
31| > |∆m2

32| (|∆31| > |∆32|)
IH: |∆m2

31| < |∆m2
32| (|∆31| < |∆32|) ∆ij ≡ ∆m2

ijL/4h̄cE

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21

P (νe → νe) = 1− P! − sin2 2θ13

[
c2
12 sin2 ∆31 + s2

12 sin2 ∆32

]
= 1− P!

−1
2

sin2 2θ13

{
1 +

√
(1− sin2 2θ12 sin2 ∆21) cos(2∆̄ + φ̄)

}
where ∆̄ = 1

2(∆31 + ∆32) and φ̄ = arctan(cos 2θ12 tan∆21)

for small ∆21 ⇒ φ̄ = ∆21 cos 2θ12 + O(∆3
21)

Define φ ≡ arctan(cos 2θ12 tan∆21)−∆21 cos 2θ12

then dφ
dL|L=0 = 0

thus φ doesn’t effect the atmospheric oscillation frequency at least for small L.

Rewrite cos(2∆̄ + φ̄) = cos(2∆ee + φ) then

∆ee ≡ 1
2
(∆31 + ∆32 + ∆21 cos 2θ21) = c2

12∆31 + s2
12∆32

– Typeset by FoilTEX – 1

Neutrino Survival Probability: νe Revisited

NH: |∆m2
31| > |∆m2

32| (|∆31| > |∆32|)
IH: |∆m2

31| < |∆m2
32| (|∆31| < |∆32|) ∆ij ≡ ∆m2

ijL/4h̄cE

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21

P (νe → νe) = 1− P! − sin2 2θ13

[
c2
12 sin2 ∆31 + s2

12 sin2 ∆32

]
= 1− P!

−1
2

sin2 2θ13

{
1 +

√
(1− sin2 2θ12 sin2 ∆21) cos(2∆̄ + φ̄)

}
where ∆̄ = 1

2(∆31 + ∆32) and φ̄ = arctan(cos 2θ12 tan∆21)

for small ∆21 ⇒ φ̄ = ∆21 cos 2θ12 + O(∆3
21)

Define φ ≡ arctan(cos 2θ12 tan∆21)−∆21 cos 2θ12

then dφ
dL|L=0 = 0

thus φ doesn’t effect the atmospheric oscillation frequency at least for small L.

Rewrite cos(2∆̄ + φ̄) = cos(2∆ee + φ) then

∆ee ≡ 1
2
(∆31 + ∆32 + ∆21 cos 2θ21) = c2

12∆31 + s2
12∆32

– Typeset by FoilTEX – 1



Neutrino Survival Probability: νe Revisited

NH: |∆m2
31| > |∆m2

32| (|∆31| > |∆32|)
IH: |∆m2

31| < |∆m2
32| (|∆31| < |∆32|)

Using ∆ij ≡ ∆m2
ijL/4E (∆m2

ij ≡ m2
i−m2

j) and P! ≡ c4
13 sin2 2θ12 sin2 ∆21

P (νe → νe) = 1− P! − sin2 2θ13

[
c2
12 sin2 ∆31 + s2

12 sin2 ∆32
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P (νe → νe) = 1− P!
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< 2 %



Uncertainty in E scale ???
between 2 and 8 MeV !!!

Eobs = Etrue + 0.015× (Etrue − 5)

Eobs = Etrue − 0.015× (Etrue − 5)
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Distinguish NH from IH:

• Over 2 to 8 MeV 
Window 

• High Quality data

•    + 

• Large Statistics

Magic of Fourier Transforms: JL talk



• Determination of Hierarchy is Challenging

• NOvA and T2K statistics limited

• Help Needed!!!

• Large, High Quality data sets from Reactor - 
Hanohano

• Hanohano Limit independent of value of the CP 
violating phase.

Conclusions:






